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Fluctuations and clinicity in tilted smectic liquid crystals
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The overwhelming majority of tilted smectic liquid crystals exhibit synclinic (Sjnerdering(a uniform tilt
direction in all smectic layejsrather than anticlinic (Sn@,) ordering(a tilt direction that alternates from
layer to layej. We propose that polar molecular-scale fluctuations of the interface between smectic layers
provide a general entropic mechanism favoring synclinic ordering, and present evidence from simulations of
the hard spherocylinder system in support of this hypothesis. We find that the entropy of the synclinic state of
L/D=5 spherocylinders is higher than that of the anticlinic state for large tilt angles, and show that this
entropy difference can be directly traced to molecular-scale fluctuations of the layer interface. This entropic
mechanism may be suppressed in materials exhibiting anticlinic ordering due to a bent molecular conforma-
tional preference that quenches interface fluctuations.
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Among tilted smectic liquid crystald.Cs), anticlinic or- tilted in the same direction, the sawteeth mesh, leading to an
dering(a tilt direction that alternates from layer to layés a  efficient filling of space. If adjacent layers are tilted in oppo-
rare and recently discovered phenomenon. To date, onlgite directions, however, the sawteeth do not mesh, and space
~400 anticlinic SmE, LCs have been found, as comparedis not filled efficiently. Under constant-volume conditions,
with ~10000 known synclinic Sn& LCs [1], and the ma- the system fills space either by quenching out-of-layer fluc-
jority of these are structural variants of the first reportedtuations or by increasing the in-layer molecular density
anticlinic material, MHPOB({2,3]. Since the discovery of both). In either case, there is an entropic pendihe entropy
anticlinic LCs, a number of molecular models for the 8g- of the anticlinic state is lower than that of the synclinic
phase have been advandéar a recent review see Rd#]). statg, so the entropy associated with out-of-layer fluctua-
Based on extensive quantum chemical and atomistic simuldions uniquely favors the synclinic state.
tion studies of MHPOB(S5,6], we recently proposed thatthe ~ To test this hypothesis, we have carried out a series of
entropy content of molecular-scale fluctuations of the intersimulations of the hard spherocylinder system to directly
face between smectic layef®ut-of-layer” molecular fluc-  probe the contribution of out-of-layer fluctuations to the free
tuationsg provides a general thermodynamic mechanism thagnergy difference between synclinic and anticlinic states. We
uniquely favors synclinic ordering, and that the suppressioerformed constant-volume, variable cell shape Monte Carlo
of out-of-layer fluctuations in MHPOBC and similar materi- Simulations of periodic systems of hard spherocylinders in
als, due to their unusual conformational behavior, permits théhe SmA phase. Systems consisting of 480 spherocylinders
appearance of anticlinic orderifd]. Evidence for a corre-
lation between out-of-layer fluctuations and clinicity has (a)
been found previously by Fukuda and co-workers, who ob-
served distinct higher-order Bragg reflections in x-ray dif-
fraction measurements on several antiferroelectric liquid
crystalg[8]. This result suggests that out-of-layer fluctuations
in Sm-C, materials are significantly smaller than in conven-
tional smectics, which in most cases exhibit only a first-order
Bragg reflection. In this paper, we critically examine the gen-
eral thermodynamic mechanism outlined above by assessing (b)
the contribution of molecular-scale interface fluctuations to
the relative free energy of synclinic and anticlinic states of
the hard spherocylinder system by means of Monte Carlo
simulation.

The essence of this thermodynamic mechanism is cap-
tured by a simple conceptual model, the “sawtooth” model,
shown schematically in Fig. 1. In this model, out-of-layer
displacements of molecules in tilted smectic layers are as-
sumed to impart a polar, or “sawtooth,” character to fluctua- £ 1. sawtooth model for interlayer tilt coupling. A synclinic
tions of the layer interfacéa necessary consequence of theircture (a) can accommodate large interface fluctuations while
symmetry of the interfage When two adjacent layers are fjjjing space efficiently. In an anticlinic arrangeme(ia, the saw-

toothlike interface fluctuations do not mesh, and interface fluctua-
tions are suppressdwith an accompanying loss of entropy fill
*Electronic address: matthew.glaser@colorado.edu space efficiently.
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in four smectic layers with length/breadth ratiéD =5 were To measure the free energy of the hard spherocylinder
simulated at a density gf/ pcp=0.6, Wherepcp is the close-  system as a function of tilt angle, we constrain the cosine of
packed density. This state point is in the middle of the Sm- the tilt angle of the nematic director with respect to the layer
phase rang€9,10]. normal (co®) with a harmonic biasing potential,

Although the hard spherocylinder system does not exhibit
tilted smectic phases, we can measure the free energy differ-
ence between synclinic and anticlinic states of this system
using the umbrella sampling@piased samplingtechnique of
Torrie and Valleay11], making use of biasing potentials that Where co®)=v-z, z is a unit vector normal to the smectic
depend on the tilt and relative clinicity of adjacent smecticlayers, andv is the largest-eigenvalue eigenvector of the or-
layers. The contribution of out-of-layer fluctuations to the dering tensor
synclinic/anticlinic free energy difference is probed by re- N
peating the free energy calculations in the absence of out-of- 1 2 , 1
layer fluctuations. We also measure the entropy content of Qup= N £ 'auiﬁ_ 2 %up
out-of-layer fluctuations in the Sr-phase, using a biasing
potential that depends on the root-mean-square out-of-layedere,u; is the “modulated” director of moleculg
displacement.

Umbrella sampling makes use of a biasing potential to u =R,U;, (7
measure the probability distribution of a quanti@y

1
U’(cos®)=Ek@)(cos@—cos@O)z, (5)

(6)

whereu; is a unit vector along the long axis of molecule
P(Q)=(58(Q—Q(rV))) (the molecular director u is the index of the layer to which

1 moleculei belongs, anR,, is a rotation matrix that rotates

= _f drNs(Q—Q(rN))exd —gU(rN)], (1)  the director of every molecule in laygr by an angles,

YA = uA ¢ aboutz. For finite ®,, choosingA ¢=0 biases the
system towards a synclinic stat&¢= 7 towards an anti-
clinic state, and\ ¢=27/n towards a period clock state.

To measure the free energgntropy content of interface
fluctuations in the untilted (SmA) state, we carry out a sepa-
rate series of simulations with a biasing potential of the form

for values ofQ for which P(Q) is small. Here§ is a Dirac
delta function,N is the number of particlesN denotes the
set of particle coordinateg=(kgT) %, wherekg is Boltz-
mann’s constant andl is the absolute temperaturd(r") is
the potential energy, and is the configurational partition
function. The biasing potenti&al ' (Q) is applied to constrain 1
Q to some specifed range of values. The distributioQdh U'(A)= EkA(A_AO)Zy 8
the presence of a biasing potential is

where
1/2

1
P(Q)= 57 | ara@-QurMDextt— BU(™ +U'(Q)]

{ 2, (z=20,)° 9)

z

= Zrexi - U (QIP(Q), 2

is the instantaneous root-mean-square out-of-layer displace-

ment. Heregz; is the projection of the position of molecuile

alongz, andz,, is the z coordinate of the layer to which

moleculei belongs.

z’ In Fig. 2 we show the reduced Helmholtz free energy

P(Q)=—exdBU'(QIP'(Q). (3)  BFIN=-S/Nkg as a function of co® for synclinic and

anticlinic states of the hard spherocylinder system, produced

Thus, the distribution functiorP(Q) can be obtainedto ~ PY imposition of orientational biasing potentials withé

within a multiplicative constajtirom a measurement of the =0 andA¢=, respectively. Also shown is the free energy
biased distributio’ (Q). The Helmholtz free energy as a s @ function of® (insed, and several representative con-
function of Q can then be obtainefto within an additive ~ figurations from this series of simulations. It is important to

whereZ’ is the partition function for the biased Hamiltonian.
From this it follows that

constan from [12]: note that the biasing potential acts on ovetaibdulated or
unmodulateyl nematic director of the system, not on indi-
F(Q)=—kgTIN[P(Q)]. (4)  vidual molecules, and so is minimally perturbative. In par-

ticular, the biasing potential does nat,priori, suppress di-
By piecing together distributions measured using a numberector fluctuations. As anticipated, we measure a small but
of biasing potentials, it is possible to constri®tQ) [and significant difference in free energy between synclinic and
thus F(Q)] over any specified range @. Histograms ob- anticlinic states. The synclinic state has lower free energy
tained with individual biasing potentials are combined to(higher entropythan the anticlinic state for large tilt angles
minimize the variance in the overalP(Q) using the (®>15°), consistent with the simple sawtooth model. For
weighted histogram analysis methtB]. 0®=25°, for example, the free energy difference between
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FIG. 2. (Color) Helmholtz free energy as a function of the co- ~ FIG. 3. (Color) Helmholtz free energy as a function of the co-
sine of the tilt angle for synclini¢black) and anticlinic(red) states ~ sine of the tilt angle for synclini¢green and anticlinic(blue) states
of the hard spherocylinder system. Also shown is the free energy &8f the hard spherocylinder system, from a series of simulations in
a function of tilt angle(insed for both states, and several represen- which out-of-layer fluctuations were suppressed. Also shown is the
tative configurations of the system. Error bars are indicated by verfree energy as a function of tilt anglénsey for both states and
tical lines. several representative configurations of the system. Error bars are

indicated by vertical lines.

anticlinic and synclinic states ig(F i~ Fsyn)/N=(Seyn
— Sant)/Nkg=0.0069* 0.0025. Surprisingly, the free energy gjfference inA between synclinic and anticlinic states@t
of the anticlinic state is lower than that of the synclinic state— 5o (0.065, suggesting that the variation in free energy
for small tilt angles ®<15°), a result at variance with the ith A is more pronounced in tilted states than in the untilted
simple sawtooth model. Note that the data for the syncliniGstate. Nevertheless, this analysis demonstrates that the en-
state only extends up to tilt angles 6f30°. Beyond this  tropy content of molecular-scale fluctuations of the interface
point, the orientation of the layer normal spontaneouslyhetween smectic layers is sufficient to account for the ob-
changes via edge dislocation nucleation and migration.  served entropy difference between synclinic and anticlinic

To test the hypothesis that the observed free energy difsiates. It is interesting to note that the free energy cost of tilt
ference is associated with out-of-layer fluctuations, we haves more than a factor of 2 smaller in the unconstrained sys-
measured the reduced Helmoltz free energy of synclinic angsm than in the system in which out-of-layer fluctuations are
anticlinic states of the hard spherocylinder system in Whic%uppressed. For example, the free energy cost of a 25° tilt is
out-of-layer fluctuations are suppressed. The measured frqu,:/Nzo_2255 in the absence of out-of-layer fluctuations

energies are shown in Fig. 3, together with represemaﬂvﬁndﬂF/Nz0.0823(sync|inic) or BF/N=0.0892(anticlinic)
molecular configurations from the simulations. In the ab-

sence of out-of-layer fluctuations, there is no significant free

energy difference between synclinic and anticlinic states. 0.75
This is a compelling evidence that the entropy associated o A
with out-of-layer molecular fluctuations accounts for the free 0.7 02 .
energy difference seen in Fig. 2. gm, 9 08 »

To further test this hypothesis, we have measured the 0.65 | - e va-\f'
root-mean-square out-of-layer displacemaAnas a function ﬂ 05 g R
of ® for both anticlinic and synclinic states, shown in Fig. 4. <1 0.6 | ECR L o e
As expected, the amplitude of out-of-layer fluctuations in the
anticlinic state is smaller than in the synclinic state for large 055 ¢
tilt angles @ >15°), but is larger for tilt angles smaller than £
15°. For®=25°, we findA gy~ A 4= 0.065. 0.5 | ™™

To carry this analysis a step further, we can assess the
entropic cost of quenching out-of-layer displacements by 0.45 ! :
measuring the free energy as a functiondofn the untilted 0.85 0.9 0.95 1

state of the hard spherocylinder system, as shown in Fig. 5.
The free energy is minimized fak =0.535. Reducin@\ by
0.117 from its equilibrium valugto A=0.418) leads to a FIG. 4. (Color) Root-mean-square out-of-layer displacemant
decrease in entropy equal to the measured entropy differeneg a function of the cosine of the tilt angle for syncliffitack) and
between synclinic and anticlinic states@t=25°. This is of  anticlinic (red) states of the hard spherocylinder system. Also
the same order as, but somewhat larger than, the measursldbwn is theA as a function of tilt angldéinse for both states.

cos®
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1.2 ) = —In(cos®), under the further assumption that the in-layer
\ free area per molecule is the same for both constrained and
T Z ooz unconstrained systems at a giv®n This accounts for most
08 | ' 2 001 of the free energy difference between constrained and uncon-
E ) == strained systems, vyielding, for exampl8,§coi— Scor)/NKg
T 06} 0 =0.0984 at® =25°.
g 08 04 05 06 07 In summary, we have shown that the entropy associated
o 04} with molecular-scale fluctuations of the interface between
smectic layers governs clinicity in the hard spherocylinder
02t system, and that such fluctuations uniquely favor synclinic
ordering for large tilt angles. This entropic mechanism may
0 0 0'2 0.4 06 0.8 account for the preponderance of synclinic (Snerdering
) A ) ) among tilted smectic LCs, and may be absent in materials

that exhibit anticlinic (Smz,) ordering, perhaps owing to
FIG. 5. Helmholtz free energy as a function of root-mean-squardhe suppression of out-of-layer fluctuations due to an intrin-
out-of-layer displacement for the hard spherocylinder system. An Sic preference for bent molecular conformatiorist,17.
expanded view of the region near the minimum is shown in theSuppression of out-of-layer fluctuations due to molecular
inset. Error bars are indicated by vertical lines. shape may play a role in the occurrence of other rare variet-
ies of smectic liquid crystals, including “de Vries” smectics

in the presence of out-of-layer fluctuations. This is Iargely[ls]’ if‘ the ob;ervation of a.f”amef“ morphology fqr smecti_c
due to the fact that the entropy associated with 0Ut'Of"ayegg?fg]]Sa%rgvivrllnt%;r?;nmt:ﬁ(;i?gg%cbir\?;lérf,gre c;rti;cl(l)cv_n;ﬁ;erg d
fluctuations depends on the amplitude of molecular displace- ' . . e P
ments along the molecular direct@f orderA/cos®) rather mesogens with respect to their relative tilt and polar ordering
than that of displacements along the layer noreélorder in adjacent smectic layefd7].

A). Assuming thatA is independent o®, a simple free The authors thank Dave Walba and Yves Lansac for useful

volume estimate of the entropy difference between unconeomments. This work was supported by NSF MRSEC Grant
strained and constrained systems giv&s,doi— Scon)/ NKg No. DMR 98-09555.
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